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In this  work,  the  adsorption  of  Fe(III)  onto  Brazilian  palygorskite  nanoparticles  was  investigated  and  the
modiﬁcations  of the mineral–aqueous  solution  interface  properties  were  evaluated.  We  also  investigated
the  inﬂuence  of the  adsorbent  concentration  and  the  best  contact  time  for  the  adsorption  to  occur.  The
results  showed  that  an  increase  in adsorbent  dosage  also increased  the  Fe(III)  adsorption  and  the  Langmuir
model  ﬁtted  the  experimental  data,  showing  that  palygorskite  is a potential  clay  mineral  for  the  removal
of  cations  from  solutions.alygorskite
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. Introduction
In recent years, nanotechnology has grown tremendously,
ringing technological innovation that is aimed mainly at solv-
ng environmental problems. The use of magnetic nanoparticles
or cleanup of contaminated areas can be accomplished by physi-
al/chemical adsorption of organic compounds [1–4].
Palygorskite is an alternative to conventional adsorbents due
o its high surface area and the large number of silanol groups
n its surface [5]. Industrial wastewaters like petroleum reﬁner-
es [6], textile dye plants [7–9] and printing activities [10,11],
mong others, produce a large number of organic contaminants
12]. Palygorskite particles can be used to adsorbed contaminants
rom aqueous efﬂuents. Toxic ions are also frequently present in
astewater from industrial activities such as steelmaking or bat-
ery manufacture and these heavy metal ions are easily adsorbed
y palygorskite minerals [13–17].
Clays are hydrous aluminosilicates composed of mixtures of
ther minerals such as quartz, carbonate and metal oxides. Clays
nvariably contain exchangeable cations and anions held to the sur-
ace. The ions can be exchanged with other ions relatively easily
ithout affecting the clay’s mineral structure. Large speciﬁc surface
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ttp://dx.doi.org/10.1016/j.apsusc.2013.05.113area, chemical and mechanical stability, layered structure and high
cation exchange capacity make clays excellent adsorbent materials
[3,18,19].
Palygorskite is a crystalline hydrated magnesium aluminium sil-
icate that exists in nature as a ﬁbrous mineral with large surface
area, excellent chemical stability and strong adsorption properties.
It consists of two layers of tetrahedral silica linked by magnesium
ions in an octahedral conﬁguration, connected by a continuous
plane of tetrahedral basal oxygen atoms [20]. The adsorption capac-
ity of palygorskite results from its relatively high surface area and
the net negative charge in its structure, which attracts and holds
cations such as Fe(III) [21,22]. Fig. 1 shows a diagram of paly-
gorskite’s structure and its active superﬁcial sites (adapted from
Bailey) [23].
The aim of this work is the use of magnetized clays after Fe(III)
adsorption on the surface to remove organic rather than magnetite
nanoparticles. This process will enable using the ﬁnes produced
during mining.
In this work, the surface properties and sorption behaviours of
palygorskite were studied to observe whether the cationic iron can
be adsorbed onto its surface.
2. Experimental2.1. Materials
The palygorskite sample used in this study was purchased
from Colorminas-Coloríﬁco e Minerac¸ ão S.A. from Piaui state,
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The chemical composition of the palygorskite sample and Fe(III)
adsorbed onto palygorskite is given in Table 1, and can be related to
its mineralogical composition detected by XRD (Fig. 2). TiO2 can be
assigned to the anatase, while iron and manganese could be found
Table 1
Chemical composition and LOI of the pure palygorskite sample and Fe(III) adsorbed
onto palygorskite (wt%).
Component Palygorskite
weight (%)
Fe(III) adsorbed onto
palygorskite weight (%)
SiO2 50.9 45.2
MgO  3.7 3.7
Al2O3 16.5 12.8
Fe2O3 8.2 14.1
TiO2 1.8 0.69Fig. 1. Schematic of a channel palygorskite structure (a)
ortheastern Brazil. The usual minerals that occur with Brazilian
alygorskite are quartz, kaolinite, anatase, diaspore and chlorite.
he sample used was gently ground to ﬁneness of under 20 m.
nalytic grade ferric chloride hexa-hydrate (FeCl3·6H2O) was  used
s received from Merck Co. Distilled water was used throughout.
.2. Methods
.2.1. XRF spectrometry
The chemical analysis of the palygorskite sample was  performed
ith a AxiosMax spectrometer on pellets melted with a lithium
etaborate:tetraborate mixture, after LOI (loss on ignition) deter-
ination (Leco TGA 701).
.2.2. SEM
The morphology of palygorskite was determined by secondary
lectrons in a FEI Quanta 400 scanning electron microscope, oper-
ting at 25 kV and small spot size.
.2.3. XRD
The X-ray diffraction analysis of palygorskite was  con-
ucted on back-loaded samples (to avoid preferred orientation)
ith a Bruker-D4 Endeavour diffractometer, Co k radiation
40 kV/40 mA), in the 2 angle range from 5◦ to 80◦, with a 0.02◦
tep and a position-sensitive LynxEye detector.
.2.4. FTIR
The FTIR analysis of palygorskite was carried out with a Perkin-
lmer 1720X instrument in transmission mode on samples pressed
ith 1:10 KBr, in the wavenumber range from 4000 to 400 cm−1.
.2.5. Particle analysis
Size and surface charge of the palygorskite sample was evalu-
ted by a Malvern Nano Zetasizer instrument. For surface charge
easurements, a suspension of palygorskite nanoparticles in KCl
0−3 M (indifferent electrolyte) was prepared. The pH was adjusted
sing NaOH and HCl in the range between 2.0 and 11.0.
.2.6. Adsorption measurement
The adsorption of Fe(III) by palygorskite was determined by
easuring the decrease of Fe(III) concentration in solution after
ontact with the mineral using a LaMotte Smart Spectro UV-
IS spectrophotometer. Initially, we measured the UV spectrum
f three Fe(III) concentration to choose a wavenumber. Then,
e constructed a response curve of Fe(III) concentration versus
bsorbance.dsorptive superﬁcial sites (b) adapted from Bailey [23].
The adsorption equilibrium time was also determined to quan-
tify the time required for complete adsorption of Fe(III) onto the ion
exchange sites of palygorskite. A 5000 mg/L ferric chloride solution
(20 mL) was  transferred to 50-mL centrifuge tubes and 2 g of ﬁne
(less than 20 m diameter) palygorskite particles was added to this
system, ultrasonicated for three minutes to disperse the solids and
placed in a thermostatic shaker bath at 130 rpm and room temper-
ature for different times.
The same procedure was  carried out to obtain the adsorption
isotherm curve, where 20 mL  of ferric chloride solutions at differ-
ent concentrations were used. Following agitation, the dispersions
were centrifuged at 3500 rpm for 15 min. The ﬁnal concentration
was determined in the UV-VIS spectrophotometer using 1 cm path
quartz cells. Initial concentrations were always checked before
mineral addition. The adsorption was calculated from:
 = (Ct − Cf)V
W
(1)
where  is the adsorption of Fe(III) onto the mineral sample, Ci and
Cf are the initial and ﬁnal Fe(III) concentrations in solution, V is the
volume of solution used and W is the weight of the adsorbent [24].
3. Results and discussion
3.1. Characterization of palygorskite with and without adsorbed
cationic iron
The palygorskite was characterized by chemical analysis, mor-
phology and particle size.MnO  0.18 0.18
K2O 1.1 1.1
LOI 17.6 22.2
Total 100.0 100.0
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Fig. 2. X-ray diffraction patterns of the pure palygorskite sample and Fe(III)
adsorbed onto palygorskite, and major peaks of the detected minerals.
Fig. 3. FT-IR spectra of the original palygorskite (a)
Fig. 4. Secondary electrons imagcience 282 (2013) 253– 258 255
by the chlorite, besides some substitution in the palygorskite struc-
ture as well. Kaolinite and diaspore account for the Al2O3 grade, and
quartz for some silica. As the elements of the palygorskite com-
position are also found by other phases, assessing the quantitative
composition of the sample by stoichiometry is not feasible. The XRD
pattern indicated that palygorskite has the largest peak, showing
that it is the main mineral, as desired. According to the XRD spec-
trum Fe(III) adsorbed onto the palygorskite, the main peaks are
similar to those of original palygorskite, revealing that the crystal
structure was maintained after adsorption.
The FTIR analysis was used to conﬁrm the composition of
palygorskite. The spectra are shown in Fig. 3 and were divided
into two regions to facilitate their study. Absorption bands at
3700 cm−1 could be attributed to the stretching vibration of the
Mg OH group, while the OH-stretching vibrations can be observed
at 3620 cm−1 (this seems to be characteristic of the palygorskite
 and after Fe(III) adsorption on its surface (b).
es of palygorskite sample.
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Fig. 5. Particle size distribution of the palygorskite sample (cumulative undersize).
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rig. 6. Zeta potential of palygorskite () and Fe(III) adsorbed onto palygorskite ()
ersus pH.
ineral), 3550 cm−1 and 3440 cm−1 (coordinated and zeolitic
ater) [25]. The peak at 1640 cm−1 is due to the vibration band of
oordinated water and absorbed water molecules. The character-
stic bands of Si O Si were observed around 1040 cm−1 and the
eaks at 910 cm−1 and 460 cm−1 are also attributed to Si O Si
onds [26–28], while the shoulders around 780 cm−1 are probably
roduced by quartz [4]. Finally, the bands at 690 cm−1 525 cm−1
nd 425 cm−1 could correspond to vibration of the Mg  OH, Si O S
nd Si O Mg  bonds [17].
The FTIR spectrum of palygorskite after Fe(III) adsorption on its
urface is presented in curve b, Fig. 3. The 3150 cm−1 band rep-
esents strongly hydrogen-bonded O H stretching and the band
t 1400 cm−1 can be attributed to a characteristic kind of goethite
FeOOH), conﬁrming the change at the palygorskite surface [28,29].The SEM images of the palygorskite sample always show the
brous aspect of the mineral, and the needles sometimes form
ibbon-like structures, which can dominate the sample (Fig. 4).
Fig. 7. Fe(III) UV–vis spectroscopy absorption for different concentrations (Fig. 8. Inﬂuence of mixing time on the adsorption of Fe(III) by palygorskite.
The particle size distribution of Fig. 5 shows that the entire pop-
ulation of the sample is smaller than 450 nm.
Fig. 6 indicates that the zeta potential of palygorskite is nega-
tively charged in the measured pH range. Therefore, the particles
should have good adsorption to the cationic compounds.
After adsorption of Fe(III) on its surface, there is a change in
the behaviour of the zeta potentials curve, following that of fer-
ric hydroxide. The palygorskite surface becomes positively charged
below pH 8, and negatively charged above it.
3.2. Adsorption measurement
As said before, the ﬁrst phase was to measure the UV spec-
tra of three Fe(III) concentrations to choose wave number where
Fe(III) shows highest absorption. Fig. 7 shows these spectra and
the response curve of Fe(III) by concentration versus absorbance
obtained. This response curve had a good correlation coefﬁ-
cient.
The adsorption curve was obtained to quantify the time required
for complete adsorption of Fe(III) onto the ion exchange sites of
palygorskite. Fig. 8 shows an adsorption plateau and a proﬁle of
the isotherm, indicating complete adsorption of the Fe(III) onto
all active palygorskite sites after about two hours. Therefore, for
the kinetic study, a time of three hours was  used to allow com-
plete adsorption and to obtain the adsorption isotherm of Fe(III)
ions onto the palygorskite surface (Fig. 9): the Langmuir model ﬁts
the adsorption plateau and the proﬁle of the obtained isotherm
best.
a) and response curve of Fe(III) concentration versus absorbance (b).
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Fig. 9. Adsorption of Fe(III) onto palygorskite as a function of the concentration.
The Langmuir type adsorption isotherm can be represented by:
S
2 =
NS × Ka2
1 + Ka2
(2)
here a2 represents the activity of the solute, NS is the number
f active sites for the adsorption on the solid, NS2 is the number
f molecules adsorbed on the solid surface and K is the apparent
quilibrium constant for the adsorption process.
From this equation, a linear form of the Langmuir model can be
ritten as in:
Ci

= 1
K × m +
1
m
× Ci (3)
here  is the amount of adsorbate that adsorbed, Ci is the initial
oncentration of adsorbate in solution, and  m is the number of
ctive sites per gram of adsorbent necessary to cover the surface
ith a monolayer of adsorbate [29]. Thus, the plot of Ci/ versus
i in Fig. 10 should give a straight line with 1/ m as the slope and
/(K m) the intercept.
From this plot, the Langmuir apparent equilibrium constant can
e estimated as 87.23 L/mol. Using the apparent equilibrium con-
tant, the free energy of adsorption at T = 298 K can be calculated
ccording to:G = RT ln K (4)
here R is the gas constant (8.31451 J/K/mol) and T is the temper-
ture in Kelvin.
ig. 10. Adsorption isotherm ﬁtted with the Langmuir model for the adsorption of
e(III) onto palygorskite.
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The calculated free energy of adsorption equals −11.07 kJ/mol.
The negative value indicates that the adsorption of Fe(III) on the
active sites of palygorskite surface is spontaneous.
4. Conclusion
The Brazilian mineral used in this study was characterized by X-
ray diffraction, FTIR and SEM imaging. The particles observed were
smaller than 450 nm and were negatively charged.
The kinetic study showed a time of three hours for complete
adsorption of Fe(III) onto palygorskite. In this work, the adsorp-
tion of Fe(III) on the palygorskite followed a Langmuir adsorption
model. This allowed, on the basis of the model equations, calculat-
ing the free energy of adsorption, which was  negative, indicating a
spontaneous process.
The good sorption capacity of palygorskite suggests that this
mineral is a natural and low-cost sorbent that can be successfully
employed for surface functionalization and modiﬁcation to support
magnetic iron oxide nanoparticles.
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